Introduction {#S1}
============

Recently, a new class of insecticides/acaricides, the isoxazolines, have demonstrated very good efficacy against fleas and ticks \[[@R19]\]. Afoxolaner is an isoxazoline administered monthly to protect dogs against fleas and ticks (NexGard^®^, Merial, now part of Boehringer Ingelheim Animal Health) \[[@R2],[@R3],[@R8],[@R10]\]. It is administered at a minimum dose of 2.5 mg/kg. Recent studies have demonstrated its activity against other arthropods, including *Demodex canis*, the agent of canine demodicosis, *Sarcoptes scabiei* var. *canis* and *S. scabiei var. suis*, the agent of sarcoptic mange in dogs and swine, respectively, as well as *Otodectes cynotis*, the agent of ear mange in dogs and cats \[[@R1],[@R4],[@R5]\].

After oral administration, afoxolaner is absorbed quickly, with peak plasma levels (Cmax) reached between 2 to 4 hours after administration \[[@R14],[@R15]\]. Plasma protein binding is more than 99%, which explains the long half-life, 10--14 days on average \[[@R14],[@R15]\]. Due to its strong binding to plasma proteins, its activity is systemic and exposure is related to the ingestion of blood or inflammatory fluids by the biting insect.

In addition to its activity against well-known blood-feeding ectoparasites like fleas and ticks, or resident ectoparasites like *Demodex, Sarcoptes,* and *Otodectes*, it is probable that afoxolaner would also have a certain level of insecticidal activity against other blood-feeding arthropods like mosquitoes. Insecticidal efficacy following a blood meal might not prevent pathogen transmission from the female mosquito, but it could have a further effect by killing the mosquitoes before a new bite, and/or by reducing the mosquito population in a restricted area like a household where treated dogs are living. It could therefore have an indirect action on the rate of vector-borne pathogen transmission within the household.

*Aedes aegypti* mosquitoes are endemic in tropical areas around the globe, but have expanded into sub-tropical areas and even some warm temperate locations, although the species seems less adaptable to temperate climate than *Aedes albopictus* \[[@R13]\]. It is now found in many parts of the world including South and Central America, the southern USA, Africa, India, tropical islands, South-East Asia, Northern Australia, and sporadically in the Mediterranean zone \[[@R13]\]. *A. aegypti* is a major vector of several diseases of animals and/or humans, e.g. heartworm disease due to *Dirofilaria immitis* in dogs, equine encephalitis viruses, West Nile virus, Dengue virus, Chikungunya virus, Zika virus, and yellow fever virus \[[@R9],[@R12]\]. The objective of this study was to assess the insecticidal activity that afoxolaner may have against *A. aegypti* mosquitoes.

Materials and methods {#S2}
=====================

The design and conditions of this study were approved by the South African and ClinVet animal welfare ethics committees, and were performed in accordance with the Good Clinical Practices of the European Agency for the Evaluation of Veterinary Medicinal Products (CVMP/VICH GL9, July 2000; CVMP/VICH GL19, July 2001). This study was a parallel group, blinded, randomised, negative controlled efficacy study. It was conducted with two groups of six dogs each.

Male and female dogs were included in the study if they had been acclimatised to the study conditions for at least 8 days; they were clinically healthy as verified by a veterinarian on Day -8; they were ≥ 6 months at the time of inclusion (Day -1); females were not pregnant; they had not been treated with a long-acting topical or systemic acaricide/insecticide during the 12 weeks preceding Day 0.

The animals were kept individually in cages and no physical contact between dogs was possible. However, animals still had visual and auditory contact with conspecifics. During the acclimatisation period (Day -8 to Day -1), an initial *A. aegypti* mosquito challenge was performed on Day -5 to evaluate the receptivity of each dog to experimental infestation and for random allocation of the dogs to the study groups. The 12 dogs included in the study were randomly allocated to two groups (untreated control group and afoxolaner-treated group), based on total counts of fed mosquitoes 1 hour after the initial challenge. In addition, veterinary clinical examination was performed on Day -8 for enrolment purposes, and weighing of all dogs was performed on Day -1 for appropriate dose determination. All the dogs were observed daily from Day -8 to Day 28 for their general health.

On Day 0, all dogs assigned to the treated group received afoxolaner. The dogs were treated orally with NexGard^®^ (2.27% w/w afoxolaner chewable tablets) in accordance with European label instructions \[[@R8]\]. All dogs weighed from 10 to 25 kg and were treated with a chewable tablet containing 68 mg of afoxolaner. The dogs were observed hourly for 4 hours after administration to detect possible adverse reactions.

Dogs were challenged with 50 ± 5 *Aedes aegypti* unfed female mosquitoes on Day -5 for randomisation purposes, and then on Days 1, 7, 14, 21 and 28 to assess insecticidal activity. Mosquitoes were assessed for viability and feeding status during collection 1 hour after exposure and on Days 2, 8, 15, 22 and 29 (24 hours after exposure).

To perform the mosquito challenge, the dogs were sedated using medetomidine (Domitor^®^, Zoetis), and placed into a mosquito proof net (dimensions: 81 cm × 58 cm × 58 cm). The whole body of the dog was thus exposed to the mosquito challenge. The mosquito net used allowed both exposure of dogs to the parasites and collection of parasites after the challenge, without mosquitoes escaping during the process. A Clinvet laboratory-bred strain of *A. aegypti* of US origin was used in the infestation challenges.

Food was removed at least two hours prior to sedation of animals or animals were fasted overnight if required by scheduling constraints. The 50 ± 5 female mosquitoes were released into the net and they were carefully vacuumed after 1 hour.

At the end of the exposure period, atipamezole (Antisedan^®^, Zoetis) was used to reverse the effects of the sedation in dogs.

One hour after challenge, the mosquitoes were collected using an aspirator and they were then assessed as live, fed or unfed, moribund or dead. Mosquitoes were classified as live if they exhibited normal behaviour and were capable of coordinated locomotion and flight upon external stimuli. Mosquitoes were classified as moribund if they were only capable of some movement, but exhibit abnormal, obviously impaired behaviour, and were not capable of coordinated locomotion or flight upon external stimuli.

Prior feeding by dead mosquitoes was assessed following the collection, by placing the dead mosquito on tissue paper and squashing the abdomen with a spatula or similar suitable object to assess if a blood meal was taken.

Live and moribund mosquitoes were incubated in suitable containers at 24.3 °C to 28.1 °C for 24 hours (± 2 hours). During this period the mosquitoes had access to a 10% sucrose solution, or a suitable alternative. The mosquitoes were again assessed for viability following the 24-hour (± 2 hours) incubation period and then assessed for feeding as described above. All live and moribund mosquitoes were immobilised in a freezer prior to the feeding assessments.

The dead mosquito counts observed after each challenge are the sum of the dead mosquitoes counted at 1 hour ([Table 1](#T1){ref-type="table"}) and the dead mosquitoes counted at 24 hours ([Table 2](#T2){ref-type="table"}).

###### 

Comparison of body weights between dogs and mosquito counts obtained 1h after exposure at Day -5 for allocation purposes.

                                     Day      Statistic   Control dogs   Afoxolaner-treated dogs
  ---------------------------------- -------- ----------- -------------- -------------------------
  Body weight (kg)                   Day -1   n           6              6
  *p*-value: 0.8655                           Mean        16.37          16.03
                                              SD          2.467          3.999
                                              Median      16.00          14.70
                                              Minimum     13.8           12.4
                                              Maximum     19.2           23.6
  Mosquito count 1h after exposure   Day -5   n           6              6
  *p*-value: 0.5008                           Mean        53.3           54.0
                                              SD          2.25           0.63
                                              GeoMean     53.3           54.0
                                              Median      53.0           54.0
                                              Minimum     50             53
                                              Maximum     57             55

*p*-value: One-way ANOVA with a treatment effect.

###### 

Mosquito status assessment during collection at 1h post-challenge.

                                      Day 1   Day 7   Day 14   Day 21   Day 28                                                                  
  ------------------------- --------- ------- ------- -------- -------- -------- ------- ------ ----- ------- ------ ----- ------- ------ ----- -------
  Control dogs              2A9 928   53      0       0        49       0        2       53     0     3       52     0     2       49     0     2
                            2AA 13E   51      0       3        45       0        4       53     0     2       55     0     1       62     0     1
                            5A6 23A   54      0       0        48       0        2       35     0     13      50     0     2       56     0     1
                            5BF 5E2   54      0       1        46       0        1       51     0     2       47     0     3       50     0     2
                            5CC 399   52      0       2        48       0        0       53     0     2       51     0     0       51     0     1
                            DF7 F0E   52      0       0        45       0        5       51     0     4       39     0     11      57     0     0
  Arithmetic means                    52.7    0.0     1.0      46.8     0.0      2.3     49.3   0.0   4.3     49.0   0.0   3.2     54.2   0.0   1.2
  \% Dead mosquitoes                                  1.86%                      4.68%                8.02%                6.13%                2.16%
  Afoxolaner-treated dogs   284 46C   51      0       1        50       0        3       53     0     2       50     0     6       54     0     4
                            289 EAA   55      0       0        49       0        0       49     0     0       51     0     0       48     0     0
                            2AC 6FC   57      0       0        37       0        7       45     0     4       50     0     2       54     0     0
                            5CE 690   31      0       2        46       0        0       49     0     5       45     0     2       48     0     4
                            B2C 501   44      0       2        51       0        1       52     0     2       50     0     2       55     0     1
                            E19 6E0   51      0       1        49       0        1       54     0     1       53     0     3       50     0     0
  Arithmetic means                    48.2    0.0     1.0      47.0     0.0      2.0     50.3   0.0   2.3     49.8   0.0   2.5     51.5   0.0   1.5
  \% Dead mosquitoes                                  2.03%                      4.08%                4.37%                4.78%                2.83%

Insecticidal activity calculations were based on both arithmetic and geometric mean values. Geometric mean efficacy calculations were based on the geometric mean values of the mosquito (count + 1) data. One (1) was subsequently subtracted from the result to obtain a meaningful value for the geometric mean of each group.

The primary efficacy of afoxolaner against *A. aegypti* mosquitoes was calculated using the total live fed mosquitoes at 24 hours after each mosquito challenge, according to the formula below:

Insecticidal efficacy (%) against mosquitoes = 100 x (Mc − Mt)/Mc, where:

Mc = mean number of live fed mosquitoes in the control group at 24 hours after challenge;

Mt = mean number of live fed mosquitoes in the treated group 24 hours after challenge.

The groups were compared using an ANOVA (Proc GLM procedure in SAS) with a treatment effect on both untransformed and logarithmic transformed mosquito (count + 1) data. SAS Version 9.3 TS Level 1M2 was used for all the statistical analyses.

Results {#S3}
=======

The weight of dogs varied from 13.8 to 19.2 kg in the control group (mean = 16.37 kg) and from 12.4 to 23.6 kg (mean value 16.02 kg) in the treated group. No statistically significant differences were recorded between the pre-treatment fed mosquito counts at Day -5 (*p* = 0.5008) nor the body weights (*p* = 0.8655) of the dogs in the two groups, which indicated homogeneity between the dogs included in each group ([Table 1](#T1){ref-type="table"}).

No adverse events were recorded after treatment or during the study duration \[[@R6]\].

The live, moribund and dead status of the mosquitoes was assessed at all time-points ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). The collection of live mosquitoes at 1 hour post-exposure indicated a mortality of 1.86 to 8% during the contact time between dogs and mosquitoes ([Table 2](#T2){ref-type="table"}). There was no significant difference between the control group and the treated group in the numbers of live or dead mosquitoes at the end of the 1 hour exposure ([Table 2](#T2){ref-type="table"}). No moribund mosquitoes were observed at 1h.

###### 

Counts of mosquitoes and assessment of their status 24h post-exposure (Days 2 8 and 15).

  Group                     Dog ID    Day 2         Day 8         Day 15                                                                                                          
  ------------------------- --------- ------------- ------------- -------------- ----- ------ ------ ------ ------ ------ ----- ------ ------ ------ ------ ------ ------ ------- ----
  Control dogs              2A9 928   53            0             0              53    0      53     48     0      3      46    5      45     53     0      3      52     4       49
                            2AA 13E   51            0             3              47    7      46     42     0      7      45    4      42     50     0      5      38     17      35
                            5A6 23A   53            0             1              53    1      52     43     0      7      47    3      41     22     8      18     31     17      20
                            5BF 5E2   52            1             2              51    4      48     43     0      4      44    3      41     38     1      14     37     16      25
                            5CC 399   51            0             3              49    5      47     44     0      4      45    3      41     53     0      2      32     23      32
                            DF7 F0E   47            0             5              42    10     38     43     0      7      42    8      40     41     6      8      49     6       41
  Arithmetic means          51.2      0.2           2.3           49.2           4.5   47.3   43.8   0..0   5.3    44.8   4.3   41.7   42.8   2.5    8.3    39.8   13.8    33.7   
  Afoxolaner-treated dogs   284 46C   14            3             35             38    14     0      10     0      43     41    12     0      3      18     34     50     5       0
                            289 EAA   2             3             50             55    0      2      11     0      38     37    12     0      10     21     18     49     0       10
                            2AC 6FC   0             8             49             57    0      0      3      0      41     35    9      0      11     7      31     33     16      0
                            5CE 690   2             5             26             30    3      2      3      0      43     43    3      0      3      7      44     48     6       0
                            B2C 501   6             2             38             37    9      0      0      0      52     51    1      0      21     23     10     44     10      11
                            E19 6E0   1             5             46             52    0      1      1      0      49     49    1      0      14     27     14     41     14      2
  Arithmetic means          4.2       4.3           40.7          44.8           4.3   0.8    4.7    0.0    44.3   42.7   6.3   0.0    10.3   17.2   25.2   44.2   8.5     3.8    

  Table 3 (continued).   Counts of mosquitoes and assessment of their status 24h post-exposure (Days 22 and 29).                                                                                        
  ---------------------------------------------------------------------------------------------------------------- --------- ----- ------ ------ ------ ------ ------ ----- ------ ------ ----- ------- ----
  Control dogs                                                                                                     2A9 928   52    0      2      53     1      51     49    0      2      50    1       48
                                                                                                                   2AA 13E   54    0      2      56     0      54     44    3      16     61    2       43
                                                                                                                   5A6 23A   46    2      4      52     0      46     56    0      1      57    0       56
                                                                                                                   5BF 5E2   32    10     8      46     4      30     50    0      2      51    1       49
                                                                                                                   5CC 399   51    0      0      41     10     41     51    0      1      52    0       51
                                                                                                                   DF7 F0E   28    5      17     47     3      26     57    0      0      52    5       52
  Arithmetic means                                                                                                 43.8      2.8   5.5    49.2   3.0    41.3   51.2   0.5   3.7    53.8   1.5    49.8   
  Afoxolaner-treated dogs                                                                                          284 46C   20    9      27     36     20     0      6     12     40     51    7       0
                                                                                                                   289 EAA   15    1      35     33     18     0      5     4      39     46    2       3
                                                                                                                   2AC 6FC   14    11     27     39     13     1      7     6      41     51    3       4
                                                                                                                   5CE 690   9     21     17     39     8      1      2     10     40     50    2       2
                                                                                                                   B2C 501   26    8      18     42     10     17     52    0      4      53    3       50
                                                                                                                   E19 6E0   32    8      16     49     7      32     24    17     9      41    9       15
  Arithmetic means                                                                                                 19.3      9.7   23.3   39.7   12.7   8.5    16.0   8.2   28.8   48.7   4.3    12.3   

The arithmetic mean values of live fed mosquito counts at 24 hours after the challenge period for the negative control group ranged from 33.7 to 49.8, indicating that this was a vigorous mosquito strain. The insecticidal and acaricidal activities, following the European Medicine Agency guideline (EMA) \[[@R7]\] and the World Association for the Advancement of Veterinary Parasitology (WAAVP) \[[@R16]\], should be based on the comparison of the number of live arthropods collected from control and treated animals ([Table 3](#T3){ref-type="table"}). Arithmetic and geometric mean values of live fed mosquito counts and efficacies are summarised in [Tables 3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}.

###### 

Insecticidal efficacy based on live fed mosquitoes counted at 24 hours post-exposure.

           Control Group   Afoxolaner-treated Group                   
  -------- --------------- -------------------------- --------------- -----------
  Day 2    47.3 (47.1)     0.8 (0.6)                  98.2 (98.7)     \< 0.0001
  Day 8    41.7 (41.6)     0.0 (0.0)                  100.0 (100.0)   \< 0.0001
  Day 15   33.7 (32.3)     3.8 (1.7)                  88.6 (94.7)     \< 0.0001
  Day 22   41.3 (40.0)     8.5 (2.7)                  79.4 (93.4)     0.0005
  Day 29   49.8 (49.7)     12.3 (5.0)                 75.3 (89.8)     0.001

Based on both arithmetic and geometric mean values of live fed mosquitoes at 24 hours, significantly fewer live fed mosquitoes were recorded for the afoxolaner treated group compared to the negative control group, throughout the study (*p* \< 0.001). Based on arithmetic and geometric mean values of live fed mosquitoes at 24 hours, the insecticidal efficacy of NexGard^®^ was 98.2% (98.7% based on geo mean), 100% (100%), 88.6% (94.7%), 79.4% (93.4%), and 75.3% (89.8%), on days 2, 8, 15, 22 and 29, respectively ([Table 4](#T4){ref-type="table"}).

Discussion and conclusion {#S4}
=========================

The study design classically used to assess repellency of insecticides after 1h of exposure of flying insects was used in this particular study to assess insecticidal activity after feeding \[[@R16]\]. Being systemic, afoxolaner binds to plasma proteins \[[@R15]\], and no repellent activity related to volatile molecules on the skin surface was expected. The number of fed mosquitoes observed at 1h was not different between the control and treated dogs (\> 90% in both groups), thus confirming the absence of a repellent effect, which is assessed by the anti-feeding effect. No differences in the number of live and dead mosquitoes were observed at 1h collection, indicating that there was no immediate killing effect.

The insecticidal activity was high 24 hours after each exposure challenge, indicating that the *A. aegypti* mosquitoes ingested a lethal dose of afoxolaner during their blood meal. The blood meal of female *A. aegypti* takes only a few minutes (\< 5 min) and the volume ingested is about 4-5 μL \[[@R9],[@R11],[@R17],[@R18]\]. The study design based on 1 hour exposure to dogs allowed more than 90% of mosquitoes to feed and it is expected that the maximum proportion was reached in such a period. After a single administration at Day 0, the quantity of afoxolaner present in 4-5 μL of dog blood was enough to kill \> 75% (\> 89% in geometric mean) of the fed female mosquitoes throughout an entire month. There are currently no data on specific mosquito species sensitivity and these results should be confirmed in other important species such as *Culex pipiens* or *A. albopictus*.

Given the lack of anti-feeding effect, it is not expected that afoxolaner treatment in dogs would have a direct impact on the transmission of pathogenic agents by *A. aegypti* during the blood meal. Nevertheless, *A. aegypti* females need a blood meal every 2-3 days, and 48 hours is needed for oviposition \[[@R9],[@R11],[@R18]\]. This species is also unlikely to disperse and has restricted flight capacity, estimated to be less than 500 m \[[@R9],[@R11]\]. The behaviour tends to be indoor. These biological aspects are in favour of a rapid decrease of the mosquito population biting treated dogs. A female would die after its blood meal and would not bite a second time; neither would the insect be able to lay eggs before dying. This hypothesis would need to be demonstrated under a simulated household environment, but the results of this study are in favour of an indirect protective effect in households where afoxolaner-treated dogs are living. Killing *Aedes* females before a new blood meal would reduce the rate of transmission of vector-borne pathogens, like heartworm in dogs.
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